To test the hypothesis that coronary flow and coronary flow reserve are developmentally regulated, we used fluorescent microspheres to investigate the effects of acute (6 hr) pulmonary artery banding on baseline and adenosine enhanced right (RV) and left ventricle (LV) blood flow in two groups of twin ovine fetuses (100 and 128 d gestation, term 145 d; n = 6 for each group). Within each group, one fetus underwent pulmonary artery banding (PAB) to constrict the main pulmonary artery diameter by 50%, the other twin served as a non-banded control. Physiological measurements were made 6 h after completing surgery; tissues were then harvested for analysis of selected genes that may be involved in the early phase of coronary vascular remodeling. Within each age group, arterial blood gas values, heart rate and mean arterial blood pressure were similar between control and PAB fetuses. Baseline endocardial blood flow in both ventricles was greater in 100 d than 128 d fetuses (RV: 341± 20 vs. 230 ± 17, LV: 258 ±18 vs. 172 ± 23 ml/min/100 g, both p < 0.05). In both age groups, RV and LV endocardial blood flows increased significantly in control animals during adenosine infusion, and were greater in PAB compared to control fetuses. After PAB, adenosine further increased RV blood flow in 128 d fetuses (416 ± 30 to 598 ±33 ml/min/100 g, p < 0.05) but did not enhance blood flow in 100 d animals (490 ± 59 to 545 ± 42 ml/min/100 g, p > 0.2). RV vascular endothelial growth factor and Flk-1 mRNA levels were increased relative to control (p < 0.05) in 128 d but not 100 d PAB fetuses. We conclude that in the ovine fetus, developmentally related differences exist in 1) baseline myocardial blood flows 2) the adaptive response of myocardial blood flow to acute systolic pressure load and 3) the responses of selected genes involved in vasculogenesis to increased load in the fetal myocardium.
INTRODUCTION
In the adult, adaptive growth of the heart in response to hypertrophic stimuli involves functional and morphological changes that are predictable depending upon the stimuli (32;33). Concomitant with the development of cardiac hypertrophy in the adult are qualitative and quantitative changes in gene expression, including upregulation of the so-called fetal cardiac genes, including β-myosin heavy chain, α-actin and atrial natriuretic factor and a reversion to fetal metabolic pathways for energy production (1;32;33;43) . In the fetal heart, however, the molecular triggers for increasing ventricular mass in response to increased load are poorly understood, and may be quite different from those in the adult, particularly given the ability of the fetal heart to increase mass by both hypertrophy and hyperplasia (2;25;29) .
In response to increased ventricular load and wall stress, coronary vasodilation occurs to meet the increased metabolic needs of the myocardium. Despite maintaining a greater resting myocardial blood flow than the adult, the late-gestation fetus is able to increase myocardial flow during increases in ventricular pressure, suggesting myocardial blood flow is closely linked to metabolic needs even early in development (8;29) . With prolonged or progressive pressure overload, vascular remodelling, including angiogenesis and capillary proliferation occurs to varying degrees, depending upon the maturity of the heart and the nature of the stimulus (43) . As the adult heart progresses to hypertrophy, there is a relative decrease in microvascular density, and an increase in intercapillary diffusion distance and coronary vascular resistance (43) . In contrast, young animals with pressure overload display angiogenesis proportionate to hypertrophy such that capillary density and coronary conductance remain normal (12) .
It is well established that a variety of factors influence the process of myocardial vascularization, including the extracellular matrix, mechanical forces and growth factors (5;11;14;16) . Vascular endothelial growth factor (VEGF) is a potent vasculogenic and angiogenic factor that appears to play an important role in compensatory coronary vascular growth. Increased collateral vessel growth in response H-0686-2001.R1 4 to coronary occlusion is associated with enhanced expression of VEGF (38). Moreover, gene transfer of VEGF enhances collateral vessel formation and improves myocardial function in ischemic porcine heart (19) . In addition to its role in normal vasculogenesis, VEGF may serve as a signal for physiologically necessary compensatory angiogenesis to ameliorate relative myocardial ischemia induced by cardiac hypertrophy. Myocardial expression of VEGF is upregulated in the hypertrophied hearts of SHR compared with age matched controls (22) and in several animal models of acute stretch or pressure overload (13;18) .
Little is known about the cellular and molecular "triggers" and responses that regulate compensatory vascular growth in the fetal or neonatal heart and how they differ from those in the adult.
Transcriptional control and expression of these genes in the developing myocardium has not been extensively studied. The first objective of this study was to investigate developmental differences in acute regulation of coronary blood flow by defining gestation-related changes in coronary flow and coronary flow reserve after acute increases in RV pressure in the fetal sheep heart. Our second goal was to determine changes in the expression of select genes that may be involved in the early phase of coronary vascular remodelling and growth in response to increased ventricular load.
METHODS

Animals and surgical preparation
Studies were performed in fetal sheep of Dorset and Suffolk mixed breeding obtained from a local source. The gestational ages of the fetuses were based on the induced ovulation technique (15) . Fetal body weight was estimated according to the following formula: weight (kg) = 0.0961 x gestational age (days) -9.2228, r = 0.85 (30). All procedures were performed within the regulations of the Animal Welfare Act and the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Iowa Animal Care and Use Committee.
Pregnant ewes (term 145 days) with twin fetal pregnancies at 126 -128 days gestation (n = 6 ewes) and at 98 -102 days gestation (n = 6 ewes) were used for the study. Anesthesia was induced with 12 mg/kg of thiopental sodium (Abbott Laboratories, Abbott Park, IL) and maintained with a mixture of halothane (1%), oxygen (33%) and nitrous oxide. Under sterile conditions, the uterus was opened and polyethylene catheters (0.86 mm ID, 128 d fetus; 0.58 mm ID 100 d fetus) were placed into the fetal external jugular vein and common carotid artery, and advanced into the right atrium and ascending aorta, respectively. Via a third interspace thoracotomy, the pericardium was incised and the pulmonary artery (PA) exposed proximal to the ductus arteriosus. For each twin pair, one fetus had the main PA double-wrapped with an umbilical tape ligature to constrict the external diameter of the artery by 50% as measured using fine calipers. Previous studies by us demonstrated this degree of constriction produces a pressure gradient of 12 ± 1 mmHg across the constriction along with a significant increase in RV mass within 7 days(35). A catheter was also placed within the left atrial appendage for injection of fluorescent-labeled microspheres. A fourth catheter was secured to the fetal skin for measurement of amniotic pressure. The fetal chest was closed and the hysterotomy repaired. The second twin fetus was exposed through a separate hysterotomy, fully instrumented, and served as a non-PA banded control.
All catheters were exteriorized through a subcutaneous tunnel and placed in a cloth pouch on the ewe's flank. Ampicillin sodium (Wyeth Laboratories, Philadelphia) was administered intra-amniotically at the completion of surgery (2 g) and to the ewe prior to surgery (2 g). At the completion of surgery, ewes were returned to individual pens and allowed free access to food and water.
Experimental protocol
The physiological studies were begun 6 hours after surgical preparation. Fetal mean arterial blood pressure (MABP) and amniotic pressure were recorded continuously using Statham P23 Db pressure transducers (Spectramed, Critical Care Division, Oxnard, CA) and a Grass 7-24P chart recorder (Grass Instruments, Quincy, MA). Fetal MABP was corrected relative to concomitant amniotic pressure. Heart rate was monitored with a cardiotachometer triggered from the arterial pressure wave. Arterial blood was obtained from each fetus for determination of baseline arterial blood gases, pH and hematocrit. 
Laboratory methods
Arterial blood for pH, PCO 2 , and PO 2 was collected anaerobically in a heparinized syringe, and measurements were immediately determined at 39.5 0 C using a BGM 1302 pH/blood gas analyzer Preparation of Ovine Specific Partial cDNA Clones. Primers for each of the genes listed in Table 1 were designed from consensus regions of previously published sequences found in GenBank. For the three of the genes listed, no ovine sequences were available. All PCR primers were designed using the Inc., Keene, NH). The membrane were prehybridized for 1 hour at 65°C in a solution containing 50%
formamide, 5X SSPE (875 mM sodium chloride, 50 mM sodium phosphate, 5 mM EDTA), 5X
Denhardt's reagent, 0.5% SDS, and 200 µg/ml denatured salmon sperm DNA. Hybridization was performed at 65°C for 12-18 hours with the addition of 2 x 10 6 cpm/ml of radiolabeled probe. Four washes were performed at 65°C using three low-stringency washes (1X SSPE, 0.5% SDS) and one highstringency wash (0.1X SSPE, 0.5% SDS). Hybridization signals were quantitated using a phosphorimager (Molecular Dynamics). Blots were then stripped and rehybridized with 32 P-labeled probe to the 28S subunit of ribosomal RNA. Signals from the 28S probed blots were used to correct for variable RNA loading.
Quantitative Immunoblots. A monoclonal antibody to HIF-1α (amino acids 432-528, Novus Biologicals, Inc., Littleton, CO) was obtained for immunoblots studies. Immunoblots were 
Data analysis
For quantitation of mRNA abundance, samples were analyzed together on a single Northern blot hybridization to control for day-to-day variations in hybridization efficiency. Northern blots were done in triplicate. Expression of target mRNA were normalized by corresponding 28S rRNA net counts.
Comparisons among the different groups were performed using two-way analysis of variance (ANOVA), factoring for gestational age (100 d vs 128 d) and treatment group (PA band vs. no PA band). Comparisons within a gestational age were performed by one way ANOVA. When the analysis of variance indicated a significant difference among groups, as indicated by the F statistic, comparison among means was performed using Tukey's F-test. Statistical significance was defined as p < 0.05, and all data are expressed as the mean ± standard error (SE).
RESULTS
Ovine Specific cDNA Probes
Consensus primers were identified from published sequences for the genes investigated in this study.
As described in the methods section, these primers were used to generate ovine specific cDNA clones of the various genes (Table 1 ). For the partial ovine genes sequenced for the current study (Flk-1, Flt-1 and HIF-1α), homology between sheep and human sequences ranged from 87% -96% at the nucleotide level and between 96% and 99% at the amino acid level. Flt-1was the least conserved gene at both the nucleotide level (87%) and amino acid level (96%).
Fetal hemodynamics, arterial blood gas values and weights
The effects of PA banding and adenosine infusion on fetal hemodynamic measurements are summarized in Table 2 . No significant differences in heart rate or MABP were detected between PA banded fetuses and non-banded controls within each gestational age group although MABP was lower in the early compared to late gestation fetuses. Infusion of adenosine resulted in a slight but not statistically significant increase in heart rate in all animals. Arterial blood pH, pCO 2 , pO 2 , and hematocrit were also similar in PA banded and control fetuses within age-matched groups. Arterial pO 2 was greater in 100 d than 128 d fetuses, although pH and pCO 2 were similar. No significant differences in body, total heart, LV and RV free wall and ventricular septum weights were noted between the PA banded and the control fetuses with each age group (Table 3) . RV and LV weight-to-body weight ratios were also similar between 100 d and 128 d fetuses, consistent with proportionate heart and somatic growth previously reported in fetal sheep during the last third of gestation (39).
Effects of gestational age on myocardial blood flow
Baseline RV and LV myocardial blood flows were significantly greater in 100 d compared to 128 d fetuses (Table 4 , control values). Baseline RV endo-and epicardial blood flows were significantly greater than LV flows in both age groups although the distribution of flow to the RV and LV (calculated by RV/LV blood flow) were similar between age groups (1.25 -1.35). However, developmental differences in flow distribution within with the ventricular free walls were present. The endocardial-toepicardial blood flow ratio in both the RV and LV was greater in 128 d compared to 100 d fetuses (p < 0.05).
Effects of PA banding on myocardial blood flow
In PA banded fetuses of both age groups, RV endo-and epicardial blood flow was significantly greater than in age matched controls (Table 4 and Fig. 2 ). Although the absolute blood flows remained greater in younger compared to older animals, RV endo-and epicardial blood flow increased by over 80% in the 128 d fetuses with banding of the PA, but by less than 50 % in the 100 d animals (Fig. 3A ).
Significant increases in LV myocardial blood flows were also seen in both age groups with PA banding (Table 4 and Fig. 2 ). Absolute blood flow was again greater in the younger compared to the older fetuses, although the percentage increases were comparable (Fig. 3) .
Effects of adenosine on myocardial blood flow
As expected, adenosine infusion significantly increased RV endo-and epicardial blood flow in control 100 d and 128 d fetuses (Table 4 , Figs. 2 and 3 ). In the 128 d gestation group, adenosine further increased RV endocardial blood flow in PA banded fetuses (416 ± 30 to 598 ± 33 ml/min/100g, p<0.05), whereas adenosine infusion did not significantly enhance RV endocardial blood flow in the younger gestation PA banded fetuses (490 ± 59 to 545 ± 42 nml/min/100g, p > 0.1) ( Table 4 , Fig. 2 ). Epicardial blood flow showed similar responses to adenosine in PA banded animals. The endocardial-to-epicardial blood flow ratio remained greater in 128 d than 100 d fetuses during each experimental condition although in both age groups the ratio decreased with adenosine infusion in PA banded fetuses.
Adenosine infusion also increased LV myocardial blood flow in control fetuses in both age groups (Table 4 , Figs. 2 and 3) . LV endo-and epicardial blood flows increased in response to adenosine in PA banded 128 d but not 100 d gestation fetuses, similar to that described for the RV in each gestational age group.
Effects of PA banding on selected gene and protein expression.
In PA banded 128 d gestation fetuses, RV VEGF (Fig. 4) and Flt-1mRNA levels ( Thus, early fetal hearts may be operating at their maximal coronary flow capacity, possible limiting the ability of the early gestation fetal heart to respond to increased loads. The finding that early gestation fetuses have no demonstrable coronary flow reserve following RV pressure loading suggests that factors responsible for creating/preserving coronary flow reserve are developmentally regulated and mature late in gestation.
The limited body of information regarding coronary flow regulation in fetal sheep has recently been reviewed (41) . Early studies demonstrated that resting myocardial blood flow is greater in the late gestation fetus than in the adult sheep (8;10) . This difference appears related to the lower oxygen content of fetal blood since myocardial oxygen consumption is similar (9) . In contrast to the newborn and adult, fetal RV blood flow is higher than LV flow. This finding is not surprising given the increased workload and resting wall stress of the fetal RV compared to LV (27). Our findings in the late gestation Blood viscosity, which significantly influences fetal coronary blood flow and conductance(47) likely contributes little to the observed developmental differences as the hematocrit was similar in the two gestational age groups. Oxygen carrying capacity and hemoglobin-oxygen affinity are relatively similar in the two age groups and therefore unlikely significantly influence our results (24) . It is possible that myocardial metabolism and oxygen consumption is greater in the early compared to late gestation fetal heart, although to our knowledge, no studies have been performed to investigate this. The roles of other determinants of fetal coronary flow resistance, including shear-stress dependent vasodilation, neural and humoral factors, and blood vessel microdomains have yet to be thoroughly evaluated in the fetus. also increased with changes in the RV pressure, however, no change in the ratio of endocardial-toepicardial flow occurred with increasing load in either ventricle. Similar results were seen in the late gestation fetuses we studied. However, we found that infusion of adenosine into the non-loaded fetal heart resulted in an increase in blood flow similar to that seen with PA banding, whereas Reller found adenosine increases RV blood flow significantly more than a pressure load. These differences in findings may be related to studying animals of slightly different gestational ages, the degree of load imposed on the ventricle and duration of the RV systolic load (6h in the present study vs 10-30 min).
Finally, we infused adenosine into the right atrium, as opposed to the left atrium, and may not have achieved complete pharmacologic coronary vasodilation. However, our preliminary studies in fetuses of both ages demonstrated that doses of adenosine in excess of that used in the present study did not result in further increases in steady-state coronary blood flow velocity in the proximal left circumflex coronary artery (Fig 1) .
In the late gestation fetal heart subjected to increased load, blood flow was further augmented by administration of adenosine. Thus a coronary flow reserve was present following an increased pressure load created by PA banding. In contrast, in the 100 d PA banded fetus, adenosine failed to further increase myocardial blood flow, suggesting an absence of coronary flow reserve in the loaded ventricle of these animals. While it is possible that the attenuated adenosine induced increase in myocardial blood flow in the younger fetus is related maturational differences in the sensitivity of the coronary vascular bed to adenosine, we believe this is not the case. First, our own data demonstrated maximal coronary vasodilation occurred at a lower dose of adenosine in the 100 d compared to the 128 d fetus (Fig 1) . Second, in separate studies, Matherne et al (21) and Toma et al (42) found the guinea pig heart that the immature coronary vascular bed exhibited greater maximal response to infused adenosine.
Vasodilatory adenosine receptors have also been shown to be functional in brain vasculature in fetal sheep at 0.6 gestation (approximately 100 d) (17) . Thus, there appears to be a distinct developmentally related difference in the coronary blood flow response to increased load in the fetal heart, suggesting that the factors responsible for preserving coronary flow reserve mature late in gestation.
While resting myocardial blood flow was greater in the 100 d compared to 128 d gestation fetus, the RV flows (in absolute value, ml/min/100g) were relatively similar following imposition of the RV load, and during adenosine infusion. When the changes in blood flow are expressed as percent of baseline values in non PA banded animals, it is apparent that the early gestation fetus is unable to increase myocardial blood flow to the extent seen in the older fetus. This finding suggests that the heart of the younger fetus may be more susceptible or at risk for impaired function or failure from myocardial ischemia resulting from increased load.
For the heart to successfully adapt to pressure-overload resulting in myocardial hypertrophy, coronary growth must also occur to meet the increased oxygen and nutrient requirements of the myocardium. However, adult animals display attenuated myocardial capillary growth compared to young postnatal animals with pressure overload hypertrophy (43;45;46) . In the young, concurrent growth of the myocardium and coronary microvasculature is present, such that normal capillary density and coronary blood flow reserve is preserved (26) . Little is known about the effect of increased load on myocardial vascularization before birth. Recently, Tomanek et al (44) reported that embryonic chick heart myocardial vascularization is proportionately accelerated relative to the increase in ventricular mass resulting from pressure overload. To our knowledge, there are no published data reporting changes in vascularization in the pressure-loaded fetal sheep heart, although Rudolph states (unpublished observations) that capillary diameter is increased at least-two fold, and capillary density is reduced in The mechanism(s) by which VEGF and Flt-1 expression is upregulated by pressure overload is unclear, although tissue hypoxia, resulting from increased myocardial work, may be involved. A number of studies have suggested that VEGF and Flt-1 mRNA levels are upregulated by hypoxia and that activation of gene transcription is likely mediated by hypoxia inducible factor-1 (HIF-1) (20;37). In its active form, HIF-1 exists as a heterodimer of HIF-1α and HIF-1β that binds to DNA at specific sites with a hypoxia response element. HIF-1β appears to be constitutively expressed, whereas the biological activity of HIF-1 appears to be mediated by HIF-1α. Target genes activated by HIF-1 include genes whose protein products are involved in energy metabolism, erythropoiesis, cell proliferation, angiogenesis and vascular remodeling, including VEGF and Flt-1 (reviewed in (37)). We therefore hypothesized that the increased levels of VEGF and Flt-1 would be associated with increased expression of HIF-1α protein. Cardiac HIF-1α is upregulated in fetal sheep subjected to isovolemic anemia, suggesting it is sensitive to hypoxia even in the low oxygen state of the in-utero environment (20) .
However, we were unable to demonstrate a change in HIF1-α protein expression, suggesting factors other than HIF-1 are responsible for the upregulation of VEGF and its associated receptor FLT-1 observed in our study. The lack of change in HIF-1α expression in the RV also suggests that myocardial hypoxia does not occur with the degree of RV systolic pressure load generated in this model.
Mechanical stretch also enhances VEGF mRNA expression which appears to be mediated in part by TGFβ 1 (18;36). Although cardiac TGFβ 1 expression has been shown to increase in response to pressure overload (3), we saw no changes in myocardial TGFβ 1 mRNA levels after 6 h of RV systolic load.
However, stretch-induced release of stored TGFβ 1 may still participate in upregulating the VEGF response (18) .
There are several possible explanations for the lack of change in RV VEGF and Flt-1 mRNA levels in the 100 d fetuses subjected to pressure overload. First, the degree of stimulus (ie pressure load) may have been less than that observed in the older fetuses, and insufficient to generate a response at the transcriptional level. Against this reason is the observed large increase in myocardial blood flow suggesting a significant physiological load occurred with the banding procedure. Second, growth factors that initiate and maintain vascular growth in the heart may already be maximally expressed in the mid-gestation fetus. Finally, expression of VEGF and Flt-1 may be pre-programmed and uncoupled to transcriptional regulation at this stage of development.
Several limitations in the present study are noted. First, coronary perfusion pressure was not controlled or measured. Although adenosine infusion had no significant effect on MABP and other investigators have seen no effect of adenosine on right atrial pressure (29), small differences in coronary have been influenced by non-basal physiologic conditions since the studies were performed on the day of surgery. Nonetheless, because the study conditions were similar among all groups of animals, were believe comparisons among and between the different age groups are valid.
In summary, this study demonstrates significant developmentally related differences in the adaptive response of the fetal heart to acute systolic pressure load. Coronary flow reserve is preserved in 128 d 
